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1. Introduction 
Firing of silicate ceramics, which are made of clays with high contents of kaolinite, 
transforms a green body into a ceramic product [1, 2]. The green body exhibits significant 
changes of its properties resulting from dehydration at low temperatures, phase changes 
during dehydroxylation and high-temperature reactions, and densification during sintering 
[3, 4]. All these changes significantly influence mechanical properties of the fired body as 
well as its other physical properties. 
To save time and energy, it is desirable to conduct the firing in the shortest time possible 
without damage to the fired ceramic body. Calculating the safe upper limit of the heating or 
cooling rate of the large ceramic bodies (e.g. high-voltage insulators) is a complex task that 
requires knowing five material quantities: mechanical strength (MOR), Young’s modulus 
(YM), Poisson’s ratio, thermal conductivity, and coefficient of the linear thermal expansion 
(CLTE). All of these quantities must have to be known as functions of the actual temperature 
at the firing. The upper limit of the heating rate according to [2] is 
 max 2
(1 )f
v
A Er c
σ µ λ
α ρ
−
=  ,   (1) 
where σf  is MOR, µ is Poisson’s ratio, λ is thermal conductivity, A is the shape factor of the 
ceramic body, α is CLTE, E is YM, r is the characteristic dimension of the body, c is 
volumetric heat capacity and ρ is the volume mass density.   
The relationships between the temperature and these qualities (MOR, YM, CLTE, µ and λ) 
can be identified only using experimental approach despite of some theoretical connection 
between YM and CLTE or between YM and MOR. These theoretical relationships were 
derived for simple materials and they are only very approximately applicable to complex 
multiphase material as kaolin-base ceramics. For thin-wall ceramic bodies such as 
whiteware, a more simple method based on thermodilatometric results can be used for 
control of the firing [5]. 
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This chapter is devoted to the development of the two most important mechanical 
parameters, MOR and YM of the green ceramic material during heating and cooling stages 
of the firing, with the exception of the highest temperature region where the body becomes 
partially plastic. Poisson’s ratio ( / 2 ) 1E Gµ = − , where E is YM and G is the elastic shear 
modulus, can be easily calculated if µ at the room temperature is known. The relationships 
between YM or shear modulus and the temperature during firing can be assumed as 
qualitatively identical, i.e. constµ ≈ during the all firing.  
2. Experimental   
2.1 Samples 
Samples from quartz porcelain mixture for the modulated-force thermomechanical analysis 
(mf-TMA) and measuring MOR were made from 50 % kaolin and clay, 25% quartz and 25% 
feldspar. The mixture was ground and sieved on a 100 mesh/mm2 sieve and turned into a 
plastic material. Then cylindrical samples (diameter 11 mm) were made with the laboratory 
vacuum extruder. The samples were dried in the open air and finally content ∼1 wt.% of the 
physically bounded water.   
2.2 Modulated force thermomechanical analysis (mf-TMA) 
The mf-TMA is an effective experimental method to determine temperature dependence of 
YM of ceramics [6]. Most of the technical solutions of the method are based on continual 
measuring the resonant frequency of the sample during a defined temperature regime. The 
resonant frequency f, the volume mass density ρ, and the sample dimensions (length l and 
diameter d) serve for the calculation of YM [7, 8]  
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Here, T is a correction coefficient, which should be used if l/d < 20. Since the ratio for the 
used samples / 15 20l d = < , and assuming Poisson’s ratio 0.2µ = , the coefficient T = 
1.06821 can be  determined from the table given in [9].  
Since the mass and the dimensions of the green sample are not constant during firing, to 
obtain the correct value of Young’s modulus at the actual temperature t, the mass and the 
dimensions at the actual temperature t should be substituted into Eq. (2). Then we obtain  
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Relative changes in the mass 0( ) /m t m∆ and dimensions 0( ) /l t l∆ must be determined from 
the results of thermodilatometric (TDA) and thermogravimetric (TGA) analyses. The values 
m0 and l0 are the initial mass and length of the sample at room temperature. If Eq. (3) is used, 
simply considering ( ) 0m t∆ = and ( ) 0l t∆ = , a certain error arises. Its relative value for 
measuring the green sample is shown in Fig. 1.  
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Fig. 1. Relative error .(2 ) (3) (3)( ) /Eq Eq EqE E E− originated from neglecting the mass and 
dimensions changes of the sample 
 
 
Fig. 2. A scheme of the apparatus for measuring YM.  
H – frame, HS – helical spring, W – weight, E – exciter, PtW – platinum wire, S – sensor,  
PA – preamplifier, SA – sample, F – furnace, PC – computer, TP – temperature programmer 
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The apparatus for measuring Young’s modulus of ceramics at higher temperatures has to 
satisfy several requirements: a) the sample must be adequately large because some ceramic 
materials are inhomogeneous and contain crystals of different minerals, glassy phase, and 
pores; b) green ceramic material is brittle and soft and its mechanical strength is low, and c) 
the dimensions of the sample contract by up to 8 – 12 % during sintering. We designed an 
apparatus that satisfies these requirements, see Fig. 2 [10]. It is based on the chart showed in 
[7, 8] and, in more detail, in [11]. A sample placed horizontally in a furnace is suspended on 
thin platinum wires (∅0.15 mm) which connect the sample with exciter and sensor located 
outside the furnace. For the measurement of the sample temperature we use the 
thermocouple Pt-PtRh10. Its hot ending is in the vicinity of the sample and the cold endings 
are connected to the temperature programmer. 
2.3 Measurement of MOR 
Measurements at high temperatures are energy and time-consuming. To make a 
measurement of MOR more effective, a new apparatus with a heated magazine for 10 
samples was designed (Fig. 3). It allows testing of these samples in one heating cycle from 20 
to 900 °C using the three-point-bending method.  
 
 
Fig. 3. Apparatus for measuring MOR.  
1- supports, 2 - dynamometer, 3 - lever, 4 - sample, 5 - furnace, 6 - alumina rod,  
7 - counterweight, 8 – frame, 9 – alumina brick 
Temperature of the samples changed linearly at the rate of 5 °C/min. When the temperature 
reached a chosen value, one sample was broken. The next sample was broken at the next 
chosen temperature, etc. The loading force increased linearly with a rate of 2 N/s. If the 
three-point-bending is used, MOR can be calculated from a formula [12] 
 3
8 f
f
lF
d
σ
pi
=  (4) 
where d is the diameter of the sample, l is the span between the supports and Ff  is the force 
at the moment of the rupture. However, thermal expansion of the sample diameter 
( )d t∆ and the span between supports ( )l t∆ must be taken into account at elevated 
temperatures. Then Eq. (4) obtains the form 
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Where d0 and l0 are the diameter and the span at room temperature, a is a constant of the 
lever mechanism, 1 ( )fF t is the force registered at the moment of the rupture and F2 is a small 
known initial pre-loading force. 
3. Heating stage of firing 
During heating, several important processes take place in ceramic material. To understand 
them in more detail it is useful to perform thermal analyses, mainly TGA, DTA and TDA. 
Their results are shown in Fig. 4 and Fig. 5. Both curves depicted in Fig. 4, TGA and DTA, 
are of a typical shape for kaolin base ceramics. Since the sample was not fully dried, some 
physically bounded water was present at the surface defects on walls of kaolinite crystals 
[13] and in micropores, which caused a subsequent loss of the sample mass at the lowest 
temperatures. This process is endothermic as confirmed by DTA.  
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Fig. 4. Relative mass loss (black line) and DTA (gray line) 
Fig. 5 and Fig. 6 show the results of TDA and mf-TMA of the green porcelain sample 
reflecting the same processes as Fig. 4. Comparing Fig. 5 to Fig. 6, the rule “the higher 
thermal expansion, the lesser YM” is not fulfilled in the temperature range of 20 – 200 °C. 
Here, two concurrent mechanisms appear. The first is the escaping of the physically bound 
water from the finest pores and the surface of crystals. This leads to a) a closer contact 
between crystals and, thereby, to an increasing YM and b) to a small contraction of the 
sample. Simultaneously, thermal expansion makes YM lower and the dimensions of the 
sample larger. The net effect of these phenomena demonstrates itself as a steep growth of 
YM and as a very moderate deceleration of the thermal expansion up to 120 °C.  
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Fig. 5. Thermodilatometric curve of the green sample during heating 
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Fig. 6. The results of mf-TMA - Young modulus (calculated according to Eq. (3)) versus 
temperature 
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After removing the weakly bound physically water, the sample loses the rest of this water 
and a very small amount of the organic material, see TGA in Fig. 4. The course of the 
dilatometric curve represents a simple thermal expansion, as shown in Fig. 5. The values of 
the thermal expansion increase up to ∼500 °C when dehydroxylation occurs, which leads to 
a contraction of the sample and dropping of its mass. Following the escape of the physically 
bound water, there is no further change in the structure and composition. Hence, above 200 
°C both TDA and mf-TMA results approximately satisfy the rule “the higher thermal 
expansion, the lesser YM” as long as dehydroxylation emerges at ∼450 °C. This process is 
exhibited in different ways for mf-TMA and TDA. The TDA reflects a) shrinkage of the 
kaolinite crystals as the result of escaping the crystalline water from their octahedral sheets 
and b) thermal expansion of the feldspar and quartz.  
The mf-TMA is a complex result of four phenomena: a) creation of defects in the kaolinite 
crystals interiors (which makes YM lower), b) probably the beginning of the solid phase 
sintering (which makes YM higher), c) loss of the sample mass (which makes YM lower) and 
d) shrinkage of the sample dimensions (which makes YM higher). 
We can conclude that the thermodilatometric behavior of the sample during 
dehydroxylation is determined primarily by the dehydroxylation process in the kaolinite 
crystals. The elastic behavior is determined mainly by improving the contacts between the 
crystals as a consequence of the solid phase sintering. Dehydroxylation plays a minor role in 
the mf-TMA results (except at a short temperature interval 550 – 620 °C). The temperature 
interval of dehydroxylation is considered a critical stage of the firing process. It is known 
that an inadequately high rate of heating or cooling leads to cracking of the ceramic body. 
This was studied in detail on large cylindrical samples in the dehydroxylation region [14]. 
The α → β transition of quartz takes place in the dehydroxylation background, and in spite 
of a relatively large content of quartz in the sample (25 wt.%), the transition proves only 
with a small peak at ∼570 °C on both curves, TDA and mf-TMA.  
Thermal expansion after the completion of dehydroxylation ends at temperature ∼950 °C 
when the collapse of the metakaolinite lattice accompanied by a rapid shrinkage appears. 
Identically, there is a steep increase in YM in response to a faster solid state sintering and the 
new structure. A typical exothermic peak on the DTA curve at 1000 °C is characteristic for 
this process.   
Mechanical strength (Fig. 7) approximately follows the course of mf-TMA in Fig. 6. As our 
preliminary (not yet published) results show, MOR slightly increases in the interval 20 – 200 
°C. However, MOR is much more sensitive to defects created by dehydroxylation. Its values 
run through a clear minimum at ∼450 °C. Very similar results were published in [15]. An 
increase of MOR during the continuing dehydroxylation (above 450 °C) as well as 
insignificant decrease of YM (Fig. 6) and of the sound velocity (Fig. 8) during 
dehydroxylation are not easy to explain. Other constituents (quartz and feldspar) do not 
lose their mechanical properties, and metakaolinite must be considered a mechanically weak 
material because of the high concentration of defects [16]. The structure of metakaolinite 
does not change until ∼950 °C, so the effect of the MOR increase should be attributed to 
improving the interfaces between metakaolinite crystals. Solid phase sintering could be a 
possible relevant mechanism.   
It is interesting to compare the results of mf-TMA of the green porcelain sample (Fig. 6) to 
mf-TMA of kaolin (Fig. 8) [17]. Sound velocity c is related to YM by formula 2 /c E ρ= ; 
therefore the temperature dependence of YM and the sound velocity are similar. Comparing 
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Fig. 6 with Fig. 8 we can conclude that the changes of YM in the three-axial porcelain 
mixture are predominantly caused by the changes in the kaolin phase and the kaolin 
crystals interfaces. The same can be stated about MOR. We also made some trial 
measurements of the acoustic emission during heating. Weak signals were monitored at the 
temperature range of 250 – 650 °C, which is in accordance with the results of mf-TMA. 
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Fig. 7. Mechanical flexural strength measured during heating stage of the firing 
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Fig. 8. Sound velocity of kaolin vs. temperature 
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In theory, the direct implication of Hooke’s law is that the relationship between MOR and 
YM is linear. As can be seen in Fig. 6 and Fig. 7, the courses of YM and MOR are similar, 
which confirms this theoretical assumption. But there is a considerable scatter of points in 
this relationship, see Fig. 9, which allows only for a rough estimation of MOR from YM [18].  
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Fig. 9. Relationship between mechanical strength and Young modulus measured at the 
actual temperature 
4. Cooling stage of firing 
During heating of the ceramic body from ∼1150 °C up to the maximum firing temperature, 
mullite is created, feldspar melts, the glassy phase occurs and the liquid phase sintering 
runs. The ceramic body losses elastic properties and becomes plastic. Shrinkage of the 
sample volume is significant, porosity decreases to a low value [3, 4, 19]. When the body 
cools down, a viscosity of the glassy phase increases and elastic properties progressively 
restore. The ceramic material becomes a porcelain.  
Numerous studies deal with the influence of the unsolved quartz grains in the porcelain 
structure. It is recognized that residual quartz grains have a negative influence on the 
strength of the porcelain. The primary problems associated with quartz in electroporcelain 
and the ways to decrease the negative effects of quartz were recently described by J. 
Liebermann [20, 21, 22]. It is commonly believed that the relatively large volume change 
accompanying the β → α transformation of the unsolved quartz grains (∆V/V = –0.68 % for 
free quartz grain) is the basic source of microcracking. Investigations performed at room 
temperature with the help of the electron or light microscopy show circumferential 
microcracks and (less often) microcracks in quartz grains, see Fig. 10. Based on the model of 
quartz grain with glassy cladding and the thermodilatometric results (as depicted in Fig. 
11), the cooling interval can be divided in two parts. Above 570 °C, the volume of the quartz 
grain remains approximately constant, and the glassy cladding tends to contract its volume. 
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The grain is under the compressive stress and no circumferential cracks can arise. But in the 
narrow temperature interval around the β → α transition of quartz, the quartz grain volume 
rapidly contracts and the circumferential microcracks can appear around the grain. The 
microcracks are the result of the release of the mechanical stress caused by the difference in 
the thermal expansion between the quartz grains and the glass matrix [21, 23, 24, 25].  
 
 
Fig. 10. Fracture surface with quartz grains and circumferential cracks around them. SEM 
after etching with 2.5 % HF for 15 s. Courtesy of PPC Čab 
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Fig. 11. Thermodilatometric curve of porcelain during cooling stage of firing 
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Results obtained using the real time non-destructive methods applied during the cooling 
stage of firing offer another view on the cracking process. An acoustic emission 
measurement directly registers the formation of the microcracks, and mf-TMA, which 
measures YM (or sound velocity), is sensitive to the concentration of the microcracks. The 
acoustic emission was employed in [26] to examine spontaneous cracking in porcelain 
samples during cooling. Acoustic emission signals were detected in the temperature range 
of 900 – 800 °C and never at temperatures less than 600 °C. These results were indirectly 
confirmed in [27] through measuring the sound velocity. Beside that, a decrease in the 
sound velocity below 570 °C was observed and assigned to the microcracks.  
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Fig. 12. Relationship between Young’s modulus and temperature of green quartz sample 
during cooling stage of firing from max. temperature 1250 °C 
A resonant flexural vibration develops in the sample if viscosity of the glassy phase is high 
enough for propagation of the mechanical flexural wave. This condition appears during 
cooling at the temperature of ∼1000 °C. The relationship between YM and the temperature 
during cooling is depicted in Fig. 12. Values of YM increase with a decreasing temperature 
as long as the viscosity of the glassy phase is low enough to accommodate the mechanical 
stress generated during cooling. Subsequently, creation of microcracks may begin as a 
consequence of releasing the stress between phases with different thermal expansion 
coefficients. This process is demonstrated through descending values of YM below ∼750 °C. 
Then there is a rapid decrease in the values with a sharp minimum at ∼580 °C, which 
belongs to the β → α quartz transition. During the further temperature decrease, there is a 
moderate and temporary recovery of Young’s modulus values, followed by their restored 
drop from 500 °C to room temperature. This behavior supports results from the acoustic 
emission measurement. Intense acoustic signals, connected with the crack creation, were 
observed from ∼800 °C to ∼650 °C, then no signals appeared between 600 °C – 500 °C and 
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weak signals appeared again below 500 °C [28]. Consequently, most of the cracks in the 
vicinity of the quartz grains are created before the β → α transition and not during this 
transition as commonly believed. 
Crack creation around the unsolved quartz grain can be caused by mechanical stress. 
According to [19], the total stress σ acting on the quartz particle may be calculated as 
 
1 1 2
2
g q
g q
T
E E
α
σ µ µ
∆ ∆
=
+ −
+
    (6) 
where g qα α α∆ = −  is the difference between the thermal expansion coefficients of the 
glassy matrix and the quartz grain, and ∆Τ is the temperature range of the cooling process. 
Eg and Eq are Young’s moduli of the glassy matrix and the quartz grain, respectively, and µg 
and µq are their Poisson’s ratios. The thermodilatometric curves of the quartz and glassy 
phase and mullite (the last two curves are approximately identical according [26]) are 
depicted in Fig. 13. As can be deduced from Fig. 13, the quartz grain volume is almost 
constant and its glassy surrounding contracts its volume during cooling from 1000 °C to 570 
°C. The stress applied on the grain according to Eq. (6) is positive (i.e. compressive stress). 
The glassy phase is under the tensile stress. Below the glass transformation temperature, the 
glassy matrix becomes brittle, which could result in formation of radial cracks nucleating at 
the quartz particles [19]. The nucleation and the growth of cracks are demonstrated by the 
decreasing values of Young’s modulus (Fig. 12) below 800 °C. This process is finished by the 
β → α transition accompanied by a fast decrease in the thermal expansion of the quartz 
grains. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13. Thermodilatometric curves of quartz (black line, main values from the curves for c-
axis and a-axis [29]) and mullite [30] or glassy phase (gray line) 
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During the β → α transition of quartz, the contraction of the quartz phase volume proceeds 
faster than the contraction of the glassy phase, i.e. q gα α>  and the stress applied on the 
quartz grains becomes negative according to Eq. (6). During this fast process the tensile 
stress applied on the glassy matrix was rapidly relaxed, and upon further cooling, the 
compressive stress built up. This process took place between 573 and 500 °C, demonstrating 
itself by vanishing of acoustic signals (no new cracks nucleated) and a partial recovery of 
Young’s modulus, likely due to the shrinkage of voids caused by previous cracking. 
Below 500 °C, the relation q gα α>  continues to be valid until the room temperature is 
reached. After a short interval between 600 °C and 500 °C where no acoustic signals were 
detected [26, 28] and YM passed over a small maximum, YM continued to decrease its 
values and weak acoustic signals appeared again [28]. This can be explained by the newly 
built compressive stresses which induce an interface decohesion that takes the form of 
cracks around the quartz grains. The acoustic signals disappear at temperatures below 300 
°C, which indicates that no further cracking occurs and the ongoing decrease of Young’s 
modulus is caused by the accretion of already existing cracks [28]. 
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Fig. 14. Mechanical strength measured during cooling stage of the firing 
The values of MOR measured in the cooling stage of firing, see Fig. 14, approximately 
confirm the conclusions shown above. MOR decreases before the β → α transition occurs, 
which is in agreement with the decreasing YM, and reaches the minimum at ~550 °C. A 
slightly higher value of MOR at 500 °C can be hardly considered a maximum, although it 
could correspond to the maximum of YM. Because of a few measured points in this region 
(450, 500, 550, 600 °C) and relatively large standard deviations of MOR, it is questionable to 
unambiguously relate the small increase in MOR at ~550 °C to a temporary recovery of YM. 
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The behavior of MOR and YM below 450 °C differs from the theoretical requirement of the 
direct proportion between these two quantities. The values of MOR initially increase 
(between 450 and 350 °C) and then remain constant up to 200 °C. On the other hand, YM 
decreases its values permanently. Both quantities, MOR and YM, reach their lowest values 
at room temperature. 
5. Conclusions  
Elastic properties (Young’s modulus, sound velocity and mechanical strength) of the green 
quartz porcelain body reflect the changes in the structure of the body and the processes in it. 
They are linked to  
a. escape of the physically bound water, dehydroxylation, the α → β quartz transition, 
high-temperature reactions and solid-phase sintering during the heating stage of firing, 
b. solidifying of the glassy phase, differences between the thermal expansion coefficients 
of the glassy phase, mullite and quartz grains, and the β → α transition of quartz during 
the cooling stage of firing. 
Results obtained by mf-TMA during heating showed a direct relationship between the 
elastic properties of kaolin and green porcelain samples. Young’s modulus and the 
mechanical strength of the green porcelain sample seem to be determined by the properties 
of the interfaces between kaolinite crystals. Mechanical properties improve between 50 – 250 
°C and then between 650 – 1100 °C, which can be explained by solid-phase sintering.   
Young’s modulus and the mechanical strength in the cooling stage of firing are 
predominantly determined by the stresses created and relaxed between the glassy phase 
and the quartz grains. They are a source of microcracks that are mostly located in the 
vicinity of the quartz grains. As a consequence, Young’s modulus and the mechanical 
strength decrease. 
Results obtained using the AE technique reveal several stages of microcracking. This process 
begins at the temperature of the glass transition. At the temperature of the β → α transition, 
cracking is temporarily interrupted and a partial recovery of the structure occurs.  Below 
this temperature circumferential cracks around the particles appear with less intensity, 
especially when the temperature is decreased below 300 °C.  
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